Experimental Method
Introduction
The sinter ore utilized in the ordinary iron-making blast furnace process, is composed of un-reacted hematite and magnetite cemented by a porous matrix comprising the complex ferrite phase SFCA (silico-ferrite of calcium and aluminum) together with the glassy phase.
1) The matrix of SFCA with interstitial pores is believed to give appreciable quality parameters such as strength before and after reduction, as well as melting behavior in the blast furnace. 2) In this context, the SFCA phase is inferred as a key bonding phase in the sinter matrix. Since the contents of Fe 2 O 3 , SiO 2 , A1 2 O 3 , MgO and other elements, together with the nature of minerals in the parent ore, are believed to play an important role in determining the abundance and type of bonding phases, recent studies have been directed toward an improved understanding of phase relations operating in the Fe 2 O 3 -Al 2 O 3 -CaO-SiO 2 system with particular emphasis on establishing the critical thermal and compositional parameters that immense the chemistry and physical characteristics of SFCA. [3] [4] [5] These studies allow us to classify the complex ferrite bonding phases into a low-Fe and highSi type SFCA and a high-Fe and low-Si type SFCA-I. [5] [6] [7] [8] Namely, the bonding phase of SFCA is quite useful in the high temperature sinter process with the relatively low grade iron ore, the quantity of which is expected to increase in near future.
A variety of synthetic and structural studies with respect to the SFCA phase show the excellent agreement between the chemical compositions of SFCA and the formula A 2 T 6 M 6 O 20 based on that of aenigmatite, where M and T indicate the octahedraland and tetrahedral sites, respectively. Therefore, the ideal compositions of the SFCA phase is referred as Ca 2 (Fe,Al) )ϩSi 4ϩ was successfully introduced so as to imply the chemical composition of the SFCA phase. [5] [6] [7] [8] [9] MgO is counted as one of the oxide constituents found in the sinter ore, however the behavior of MgO soluted in the bonding phase is scarcely discussed. 10) These results allow us to consider that the bonding phase of Mg-rich SFCA (hereafter denoted by SFCAM) should indicate an applicable capacity for a large amount of SiO 2 and Al 2 O 3 . This idea prompted the structure study of Mg-rich SFCAM phase by the single crystal X-ray diffraction. The purpose of the present paper is to report the structure of SFCAM phase and to discuss the cation distribution realized in the structure.
The powder mixtures with initial chemical compositions listed in Table 1 , were pressed into pellets. The pellet samples were held in Al 2 O 3 crucibles and sintered at 1 250°C for more than 24 h in air. The sintered pellets were quenched to room temperature and subsequently ground into fine powders. After repeating this procedure two times for homogenization, powder X-ray diffraction patterns of the obtained samples were measured by using Cu Ka radiation with a pylolitic graphite monochromater in the diffracted beam path and the chemical compositions of the obtained SFCAM phases were analyzed by the electron probe microanalysis (EPMA). As an example, Fig. 1 shows the diffraction patterns of SFCAM08 together with that for the typical SFCA phase (SFCA125) prepared by the similar procedure. Although the peak positions for SFCAM08 are systematically shifted toward the smaller d-space region, the features in the intensity profiles correspond to each other. This result strongly suggests that SFCAM08 was mainly composed by the SFCAM phase with the aenigmatite structure. Similarly, the SFCAM phase was confirmed as a major constituent in the samples of SFCAM03, SFCAM05, SFCAM06 and SFCAM07. Crystals of the SFCAM phase found in the samples of SFCAM03 SFCAM05, SFCAM06, SFCAM07 and SFCAM08 were less than 30 mm in size and not suitable for the single crystal X-ray diffraction, another heating sequence was introduced for Mg-rich samples of SFCAM10 and SFCAM15 in order to produce crystals more than 100 mm in size. Samples of SFCAM10 and SFCAM15 were melted in Pt crucibles at 1 350°C for 12 h and subsequently cooled down to 900°C with a speed of 10°C/h. Figure 2 indicates the typical image of SFCAM15 taken by using a scanning electron microscope. The melted samples were mainly composed of the platy SFCAM and the rectangular spinel phases. Therefore, the obtained samples were crashed and sorted by the magnetic separation. Crystal specimens of the SFCAM phase were picked up from the weak-magnetic portion of the crashed samples. The chemical composition for the SFCAM phase found in the SFCAM10 and SFCAM15 samples are also listed in Table  2 .
Crystal Structural Analysis
A crystal sample was attached to a glass fiber and mounted on an X-ray diffractometer equipped with an imaging plate.
11) Ordinary oscillation technique was applied for the intensity measurement and more than 36 photographs were taken so as to cover a hemisphere of the reciprocal space up to a resolution of 0.70 Å. The oscillation photographs for the SFCAM phase suggested that the reduced triclinic cell similar to that of the SFCA phase was consistent with the observed intensity distribution when a twin either on (110) or by 180°rotation about [110]* was considered. In other word, the observed intensities can be readily indexed to one or both twin components by using the twin law [0,Ϫ1,Ϫ1/2; 1,0,Ϫ1/2; 0,0,Ϫ1]. 12, 13) In the present analysis, intensity data only for the first twin component was extract- ed from a set of obtained oscillation photographs and the contribution of the second twin component was considered finally in the least-squares calculation. An initial structural model was obtained by the direct-methods. 15 ) Successive difference Fourier syntheses and the least-squares refinement of SHELXL97 14) with data uncorrected for the contribution of the second twin component, readily confirmed that the SFCAM phase was isostructural with the SFCA phase. A complete structural model was obtained by using a reticular twin model where intensities with a contribution from the second twin component are refined with the addition of a single scale factor. The experimental details are summarized in Table 3 . The final atomic coordinates and equivalent isotropic temperature factors are listed in Table  4 . Anisotropic temperature factors are listed in Table 5 . It should be added that due corrections for the Lorentz and polarization effect to the measured intensity were carried out by RAPID-AUTO system 11) and absorption correction was also considered by using an integration method on the basis of the arbitrary shape of the specimen. 16) The structure of SFCA Ca 2 (Fe,Ca) 6 (Fe,Al,Si) 6 O 20 indicates 35 independent atomic sites in a unit cell. Although a variety of cation resides in six tetrahedral sites and seven octahedral sites, two large sevenfold sites are fully occupied by Ca. Since Mg and Ca substitute to a limited extent in a few minerals, [17] [18] [19] the sevenfold sites in the present SFCAM structure are again considered to be occupied by Ca. Mg, Al and Si are the near-neighbor elements, and the similar scattering amplitudes for these elements allowed no clear distinction in the usual X-ray diffraction. Therefore, the present structural model employed the octahedral sites and tetrahedral sites chemically disordered by Mg and Fe and by Si and Fe, respectively. The occupation parameters for these sites were refined with no constraint on chemical Table 3 . Structural analysis of SFCAM10 and SFCAM15. composition, and this resulted in the model formula listed in Table 3 . It should be noted that the EPMA analysis for SFCAM10 clearly indicates a small amount of Ca at the octahedral sites. This is also included in the analysis so that the remaing Ca resides in the large octahedral site of M5. [7] [8] [9] Following the solution of the present analysis, it became clear that the SFCAM phase was isostructural with the minerals of the aenigmatite group. Thus, the nomenclature of the 35 indepensent sites used in the present study follows previous results describing the aenigmatite structure. 12, 13, [20] [21] [22] The conventional cell for the minerals of aenigmatite group can be related to the present setting by the transformation matrix (by rows): 0,0,1; 0,1,Ϫ1; Ϫ1,0,0.
Results and Discussion

Chemical Composition of the SFCAM Phase
The SFCA phase in the sinter ore was found to be stabilized within the . In Fig. 3 (a.p.f.u.). Although the overall feature in Fig.4 indicates that the content of Al 3ϩ (a.p.f.u.) was increased by the increment of Si 4ϩ (a.p.f.u.), rather scattered compositions appeared to lead the complicated structural role with respect to Al 2 O 3 component.
Description of the Structure
Hamilton et al. 7) have described the structure of the Mgpoor SFCA phase, and thus only typical features will be given here. Figure 5 shows the interleaved octahedral and tetrahedral layers running parallel to the (110) plane and Fig. 6 indicates the detailed polyhedral representation of the corresponding octahedral and tetrahedral layers.
The octahedral layers consist of octahedral walls, parallel to the c-axis with the protruding wall edge of sevenfold-coordinated Ca polyhedra (mono-capped octahedra). Adjacent octahedral walls are directly linked by the corner sharing of mono-capped octahedra; Ca8-Ca9 and Ca9-Ca9. The tetrahedra of the tetrahedral layers are found above and below the strip of Ca8 and Ca9 polyhedra, with their apices pointing away from the octahedral layer and their basal face ver- tices shared with Ca8 and Ca9 polyhedra. Tetrahedral layers consist of winged chains of tetrahedral cross-linked by two octahedral sites of M1 and M2. The chains trend parallel to the c-axis and all tetrahedra in a single chain are arranged with their apices pointing in the similar direction. Neighboring chains have their apices arranged in the opposite direction. It should be mentioned that the major structural difference among the aenigmatite group minerals is in the polyhedral linkage within an octahedral layer. In the case of sapphrine, none of vertices of the octahedral wall edge sites is shared with the protruding polyhedra of adjacent walls. Thus there exist continuous channels between adjacent octahedral walls within an oetahedral layer. 23, 24) Aenigmatite, 21) krinovite 25) and related compound, 13) in contrast, have eightfold-coordinated Na in the octahedral wall edge sites. Two edges of each Na square antiprism are shared wish two Na polyhedra of the opposing octahedral wall. The structural feature of the octahedral wall in the SFCAM phase is intermediate between those of sapphirine and aenigmatite. 26) 
Cation Distribution
Since the structural model Ca 2 (Ca,Fe,Mg) 6 (Fe,Si) 6 O 20 was employed in the present structural analysis, the contribution of Al was not directly obtained from the converged structural parameters. Therefore, the distribution of Al was estimated from the calculated interatomic distances together with the chemical composition obtained by EPMA. Table 6 indicates the averaged interatomic distances for the cation sites in the structures of SFCAM10 and SFCAM15.
SFCAM10
The converged structural parameters listed in . The large averaged distances for M5 and M6 reject the occupation of Al 3ϩ in these sites and it is quite natural to consider that Ca Table 6 . Averaged interatiomic distances for cation sites in the SFCAM10 and SFCAM15. 1.62-1.64 Å and 1.75-1.77 Å, respectively, 18, 19) . The present structural analysis revealed the extensive concentration of Mg 2ϩ at M5 and M6 octahedra and Si 4ϩ at T1, T2 and T4 tetrahedra. Let us recall the polysomatic relationship of the aenigmatite structure with those of spinel and clinopyroxene structures. 13, 25) As shown in Fig. 7(a) , the structure of SFCAM consists of alternating intergrowth of spinel-and clinopyroxene-type structural slabs with compositions M 4 T 2 O 8 and Ca 2 M 2 Si 4 O 12 , respectively. Figure 7(b) indicates the close-up structure of the local structure about the clinopyroxene-type structural slab. The Mg-rich octahedral of M5 and M6 are in the vicinity of the Si-rich tetrahedra of T1, T2 and T4 and such near-neighbor distribution of divalent and tetravalent cations in the clinopyroxene-type structural slab is suggested to bring about great adavantage so as to minimize the local charge distortion. In other words, the chemical substitution 2Fe Consequently, the SFCAM structure can be split up into aluminous magnesioferrite (Fe,Mg,Al) 3 O 4 and aluminous diopsite Ca(Fe,Mg,Al)(Al,Si) 2 O 6 and the distribution of Al 3ϩ both in the octehdral and tetrahedral sites are quite natural, when the distribution of Al 3ϩ in the clinopyroxene structure is considered. 17, 27) 
Concluding Remarks
The crystal structures of Mg-rich SFCA (SFCAM) phase were determined by the single crystal X-ray diffraction. The structure of the SFCAM phase is iso-structural with aenigmatite and well demonstrated by an alternating stacking of tetrahedral and octahedral layers. The tetrahedral sites of oxygen are occupied by Fe, Al and Si and the octahedral sites of oxygen are occupied by Fe, Mg and Al. The distribution of tetrahedral Si 4ϩ corresponds to that of octahedral Mg 2ϩ and the coupled substitution of Mg 2ϩ and Si 4ϩ is concluded as a fundamental rule controlling the solubility of SiO 2 . The distribution of Al 3ϩ at the octahedral sites is a unique feature found in the structure of Mg-rich SFCAM. This newly introduced octahedral capacity for Al 3ϩ is suggested to prompt the solubility of the Al 2 O 3 component in the SFCAM phase, by produing the structural slab like aluminous diopside. When a variety of chemical compositions for the aenigmatite group minerals are considered, 12, 21) the isostructural SFCAM phase indicates the superior structural flexibility to cations with different size and valence. Although more detailed study with respect to the physicochemical properties of the Mg-rich SFCAM phase together with its stability field should be required in order to apply this new bonding phase in the iron making process, the inherent features of the Mg-rich SFCAM phase is suggested to be quite promising for the futhur chemical design of the bonding phase in the sinter ore with relatively high concentration of SiO 2 and Al 2 O 3 .
